INTRODUCTION
============

Muscle is comprised of about 75% water at rigor, the majority of which is held within the myofibrils \[[@b1-ajas-30-1-94]\]. Water-holding capacity (WHC) is defined as the ability of fresh meat to retain its own water and can be measured as drip loss. Incidence of high drip loss not only represents an economic problem for industries due to the significant weight loss of the carcass, but also influences quality attributes like tenderness and appearance of the meat. The drip loss in fresh meat is believed to be influenced by the genetics, rate of post mortem pH decline and stress \[[@b2-ajas-30-1-94]\], and structurally originates from the shrinkage of myofibrils, the permeability change of the cell membrane and the cytoskeletal protein degradation \[[@b1-ajas-30-1-94]\]. However, the mechanisms regarding drip formation in meat postmortem is not fully understood.

In response to cell damage, a set of proteins can be synthesized to protect cells. Heat shock proteins (HSPs) are molecular chaperones either expressed constitutively or inductively in regulating cellular homeostasis and promoting cell survival \[[@b3-ajas-30-1-94]\]. Mammalian HSPs have been classified into five families according to their molecular size: HSP100, HSP90, HSP70, HSP60, and small HSPs. Several studies have reported the differential expression of HSPs, specifically small HSPs, in muscle with variable pH, tenderness, color and flavor \[[@b4-ajas-30-1-94],[@b5-ajas-30-1-94]\].

The relationship of HSPs and water retention of meat is still not clear and little work has been published. A high level of HSP70 has been suggested to be a potential marker for moderate or good WHC of pork \[[@b6-ajas-30-1-94]\], and the transportation of pigs resulted in decreased HSPs levels and higher water loss \[[@b7-ajas-30-1-94]\]. It was hypothesized in these findings that high levels of HSPs might be advantageous for protection against cell death and cell membrane damage. This would lead us to infer that HSPs are correlated with the WHC of the meat. Our earlier studies have preliminarily found HSP90 could bind with membrane phospholipid and associated with some quality traits of pig muscles \[[@b8-ajas-30-1-94],[@b9-ajas-30-1-94]\], therefore the purpose of this study is to evaluate variations in the expression of HSPs (HSP90, 70 and 60) in chickens and establish their relationship with meat quality to understand better their possible roles in the improvement of WHC of meat products and the biological mechanisms involved.

MATERIAL AND METHODS
====================

Sample preparation
------------------

One hundred yellow feather broiler chickens (*Gallus gallus domesticus*) six-week of age with the average weight of around 1.25 kg were obtained from a commercial processing plant where they were slaughtered by bleeding from a unilateral neck cut severing the left carotid artery and jugular vein (Jiangsu Lihua Animal Husbandry Co., Ltd, Nanjing, China). Two skinless, de-boned breast fillets (*Pectoralis major*) were taken immediately from each carcass and placed into a plastic bag on ice. Around 6 g muscles were cut and kept at 4°C for the measurement of pH at 45 min postmortem, 5 g muscle was collected from one end of each sample and stored at −20°C for the quantitation of HSP, and the residual muscle was subjected to measurements of color, cooking loss, drip loss and shear force on the sampling day after the measurement of initial pH. All measurements were performed in triplicate.

Meat quality measurements
-------------------------

### pH value

Two grams of muscle, taken at 45 min, was homogenized at 5,000 rpm with an Ultra Turrax homogenizer (T25, IKA, Labortechnik, Staufen, Germany) in 18 mL distilled water, and the pH of the homogenate was measured using a pH meter equipped with an electrode (FE-20, Mettler Toledo, Shanghai, China). The pH meter was standardized by a two point method against buffer standards of pH 6.86 and pH 4.0.

### Meat color

The meat color (L\*, a\*, and b\*) was measured using a Colorimeter (CR 400, Minolta, Osaka, Japan). The colorimeter was calibrated using a standard white ceramic tile before measuring each sample.

### Cooking loss and Warner-Bratzler (W-B) shear force

Each sample was weighted accurately prior to cooking. The sample in a polyethylene cooking bag was immersed in an 80°C water bath until reaching an internal endpoint of 75°C. After cooking, the sample was cooled to the internal temperature of room temperature and wiped with blotting paper to remove excess water, followed by weighting immediately. Cooking loss was calculated as, Cooking loss (%) = \[(raw weight − cooked weight)/raw weight\]×100. After measuring of cooking loss, the same muscle was then used for the determination of shear force. Shear force was determined through the application of the Meullenet-Owens razor shear test, using a texture analyzer (TVT-300XP, TexVol Instruments, Viken, Sweden) equipped with a razor blade with a height of 24 mm and a width of 8.9 mm. Muscle strips were cut across the fiber axis. The crosshead speed was set at 2 mm/s, and the test was triggered by a 10 g contact force. The shear was perpendicular to the axis of muscle fibers.

### Drip loss

A 4 cm diameter sample was collected and weighed, followed by suspending from a steel wire hook within a polyethylene plastic bag at 4°C for 24 h. After 24 h, sample was reweighed, and drip loss was calculated as (initial weight of sample − final weight of sample)/initial weight of sample×100.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis and immunoblots
--------------------------------------------------------------------------

Protein from one end of *Pectoralis major* muscles was extracted according to Laville et al \[[@b10-ajas-30-1-94]\] with slight modifications. Approximately 2 g of frozen muscles from each sample were crushed and homogenized on ice in 20 mL of Tris-HCl buffer (100 mM Tris-HCl, pH 8.0) and a protease inhibitors cocktail (Sigma--Aldrich Corp., St. Louis, MO, USA) followed by centrifugation at 12,000 g for 10 min at 4°C. The final protein concentration was 20 mg/mL as determined with the Bradford Protein Assay Kit (A045-2, Jiancheng Bioengineering Institute, Nanjing, China). An aliquot of the supernatant was mixed with an equivalent volume of reduced sample buffer (62.5 mM Tris-HCl \[pH 6.8\], 10% glycerol, 2% sodium dodecyl sulphate \[SDS\], 5% 2-mercaptoethanol, 0.02% bromophenol blue), then heated for 5 min at 95°C. The SDS-polyacrylamide gel electrophoresis was carried out by the method of Laemmli \[[@b11-ajas-30-1-94]\] with slight modifications. Proteins were separated on 8% SDS-polyacylamide gels. Samples (15 μL) were loaded onto wells of gels and separated in a BioRad Mini PROTEAM Tetra Cell (Bio-Rad laboratories, Hercules, CA, USA). Gels were transferred to 0.45 μm polyvinylidene fluoride (PVDF) membrane (Millipore Corp., Bedford, MA, USA) in transfer buffer (25 mM Tris--HCl, pH 8.3, 1.4% glycine, 20% methanol) at a constant current of 2.5×membrane area mA for 1 h using a Semi-Dry Electrophoretic Transfer Cell (Bio-Rad Laboratories, USA). The PVDF membrane was blocked with 5% non-fat milk for 2 h diluted with TBS-Tween (10 mM Tris--HCl, pH 8.0, 150 mM NaCl, and 0.05% Tween 20). Membranes were then washed three times with tris-buffered saline Tween (TBST) and then incubated with the primary antibody overnight at 4°C. Primary antibodies were used at the following concentrations in TBST: mouse HSP90 (Stressgen, Victoria, BC, Canada; SPA-830), 1:1,000; mouse HSP70 (Stressgen, Canada; SPA-820), 1:1,000; mouse HSP60 (Abcam, Cambridge, UK; LK-1), 1:2,000; and mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Earthox, San Francisco, CA, USA; E021010-01), 1:4,000. After washing, the membranes were incubated with Horseradish peroxidase-labeled anti-mouse secondary antibodies for 2 h at room temperature at 1:5,000 dilutions in TBST. After three 5-min washes, the PVDF membranes were visualized with Diaminobenzidine for 30 min. Images of the PVDF membranes were captured by Gel Imager and then the intensities of bands in each lane were quantified using Quantity One software (Bio-Rad Laboratories, USA). The relative value of protein band intensity was calculated as intensity of the HSP band in each lane in comparison to the intensity of the GAPDH band.

Statistical analysis
--------------------

Statistical analysis of the differences between each group was evaluated by one-way analysis of variance using the SPSS 18.0. The correlation coefficient was estimated with Pearson correlation coefficient option of SPSS 18.0. Differences were regarded as significant at p\<0.05. All data were expressed as mean±standard error.

RESULTS AND DISCUSSION
======================

Meat quality measurement
------------------------

Drip loss of chicken breast muscle was measured in a wide range of 3.87 to 11.1. Based on the data obtained, three drip loss groups were identified: low (drip loss≤5%), intermediate (5%\<drip loss\<9.5%) and high (drip loss≥9.5), which was accounted for around 30%, 56.7%, 13.3% respectively in a hundred chickens. Six chickens were randomly selected in each group and their quality parameters are presented in [Table 1](#t1-ajas-30-1-94){ref-type="table"}. Mean drip loss in the high, intermediate and low drip loss groups was 10.04%, 7.21%, and 4.75% respectively. The average drip loss of the high drip loss group was more than 2 fold that of low drip loss group.

Drip loss is believed to be influenced by rate and extent of postmortem glycogen metabolism and correlated with rate of pH decline and cooking loss in some studies \[[@b12-ajas-30-1-94]\]. However, the correlation of pH and drip loss varied between studies, Otto et al \[[@b13-ajas-30-1-94]\] used different methods for determination drip loss and found the drip loss was not significantly correlated with pH and other quality traits. Other studies also showed there is often a poor correlation between the water holding capacity of raw meat, the water lost during cooking and other quality parameters \[[@b6-ajas-30-1-94],[@b14-ajas-30-1-94]\]. In the present study there were no significant difference in pH, color and shear force among these groups (p\>0.05). The cooking loss of high drip group was higher than that of the low drip group, but the difference was not significant (p\>0.05). The drip loss is a complex attribute of meat which is influenced by animal breeds, muscle types and chilling temperature etc.; however, higher drip loss was reported to occur during early postmortem which corresponds with decreased water holding capacity \[[@b15-ajas-30-1-94]\], and the variations in drip loss could be primarily attributed to pre-slaughter stress \[[@b16-ajas-30-1-94]\].

Variations of heat shock proteins in meat and their relationship with meat quality
----------------------------------------------------------------------------------

As shown in [Figure 1](#f1-ajas-30-1-94){ref-type="fig"}, chicken breast muscles with high drip loss showed lower levels of HSP90 compared to that of low and intermediate drip loss groups. The amount of HSP90 in low drip loss group was not significantly different with that in intermediate drip loss group (p\>0.05). The present results were in accordance with our previous studies in pig muscles that higher levels of HSP90 were associated with better WHC \[[@b9-ajas-30-1-94]\].

The HSP70 family of HSPs contains multiple homologs including HSP72, HSP73, and Grp78. The HSP73 which could be both constitutively expressed and stress-induced was studied in this research. HSP70 was more abundantly expressed as compared to HSP90 and HSP60, but the levels of HSP70 were equivalent for all three drip loss groups ([Figure 2](#f2-ajas-30-1-94){ref-type="fig"}). In contrast, it was found there was a correlation between increased drip loss after transport stress and a decline in HSP70 abundance \[[@b7-ajas-30-1-94]\], and this is also supported by Luca et al \[[@b6-ajas-30-1-94]\], who proposed that HSP70 was more abundant in high WHC pig muscles. However, van Laack et al \[[@b17-ajas-30-1-94]\] reported that expression of both cognate and inducible forms of HSP70 were not correlated with stress and drip loss of pig muscles.

Similar with the expression pattern of HSP90, lower levels of HSP60 were observed in high drip loss group, and the difference in HSP60 between low and intermediate group chicken muscles was not apparent ([Figure 3](#f3-ajas-30-1-94){ref-type="fig"}). It is also shown in statistical analysis that the level of HSP60 was positively correlated with HSP90 (p\<0.05) and negatively correlated with drip loss (p\<0.01), while HSP70 amount was not correlated with HSP90, HSP60, and drip loss (p\>0.05) ([Table 2](#t2-ajas-30-1-94){ref-type="table"}).

HSPs are known as stress proteins triggered by various environmental stress conditions, such as infection, hypoxia, starvation and water deprivation \[[@b3-ajas-30-1-94]\]. They play important roles in maintaining cellular homeostasis and integrity. It is accepted in general that the animals exposed to more intense pre-slaughter stress had poorer meat quality \[[@b18-ajas-30-1-94]\], but some studies found animals subjected to longer lairage or transport time resulted in lower drip loss and improved meat quality compared to short time of stress \[[@b19-ajas-30-1-94]\]. The possible mechanism may be the enhanced adaptability to stress and increased synthesis of HSPs in animals to limit damage. It was suggested that repeated mild stress induced up-regulation of HSP expression and synthesis could have beneficial effects on cellular function and survival \[[@b20-ajas-30-1-94]\]. Different HSPs may differ in their capabilities to protect tissue in response to stress \[[@b21-ajas-30-1-94]\]. The response to heat stress also displayed tissue-specific patterns, whereas heart was the most sensitive tissue and muscle was the least responsive to heat challenges \[[@b22-ajas-30-1-94]\]. The synthesis of HSP90 and HSP60 may vary between animals due to slaughter and pre-slaughter stress, and a decrease in HSP90 and HSP60 expression might be disadvantageous to the recovery of cellular function and therefore lead to lower water retention of meat.

HSPs are present not only in the cytosol and in the cellular organelles, but also on the surface or within the cellular membranes \[[@b23-ajas-30-1-94]\]. Disintegration of cellular membranes and increased permeability have been recognized postmortem and could have considerable influence on WHC \[[@b1-ajas-30-1-94]\], while the association of HSPs with membranes can re-establish the fluidity and permeability and restore membrane functionality \[[@b23-ajas-30-1-94]\]. HSP90, HSP70, and HSP60 have been reported to be associated with cell membranes \[[@b8-ajas-30-1-94],[@b24-ajas-30-1-94],[@b25-ajas-30-1-94]\]. HSP70 was shown to bind with acidic membrane phospholipids and HSP90 had the ability to bind with neutral phospholipids \[[@b8-ajas-30-1-94],[@b25-ajas-30-1-94]\]. During postmortem the phospholipase A~2~ (PLA~2~) could catalyze the hydrolysis of membrane phospholipids producing lysophospholipids which leads to the loss of osmolytes and cell water, but in our previous studies HSP90 could protect phospholipid from PLA~2~ hydrolysis and inhibit Lysophospholipid formation \[[@b8-ajas-30-1-94],[@b26-ajas-30-1-94]\]. Since the postmortem muscle acidification is accompanied with the inversion of acidic phospholipids to external and neutral phospholipids to internal \[[@b27-ajas-30-1-94]\], HSPs may play different roles in the membrane function and drip formation.

Several authors have reported that degradation of cytoskeletal proteins such as desmin was associated with the water holding capacity of meat \[[@b28-ajas-30-1-94],[@b29-ajas-30-1-94]\]. A high level of desmin degradation resulted in less shrinkage of the muscle cells and ultimately contributed to improving WHC \[[@b28-ajas-30-1-94],[@b29-ajas-30-1-94]\]. Degradation of these proteins including desmin is mainly due to activation of μ-calpain \[[@b29-ajas-30-1-94]\], and a recent finding showed that HSP90 interacted with μ-calpain and maintained its activity \[[@b30-ajas-30-1-94]\]. Cytoskeletal proteins play a critical role in immobilizing water in muscle, and HSPs could be involved in different pathways and form complex with a number of proteins to modulate their functions \[[@b27-ajas-30-1-94]\]. The present results indicated high levels of HSP90 and HSP60 were associated with intermediate and low drip loss of chicken muscles while HSP70 expression was not found to be correlated with drip loss of muscles. Water loss from the muscle is impacted by a variety of the structural changes of muscle, thus it is still to be explored the contribution of different HSPs on water retention of meat and the actual mechanisms.
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![Western blot of heat shock protein (HSP) 90 (A), glyceraldehyde-3-phosphate dehydrogenase (B) in high (n = 6), intermediate (n = 6) and low (n = 6) drip loss grouped chicken muscles, and relative intensities of HSP90 (C). Error bars are standard error of the mean. Different letters indicate significant difference at p\<0.05.](ajas-30-1-94f1){#f1-ajas-30-1-94}

![Western blot of heat shock protein (HSP) 70 (A), glyceraldehyde-3-phosphate dehydrogenase (B) in high (n = 6), intermediate (n = 6) and low (n = 6) drip loss grouped chicken muscles, and relative intensities of HSP70 (C). Error bars are standard error of the mean.](ajas-30-1-94f2){#f2-ajas-30-1-94}

![Western blot of heat shock protein (HSP) 60 (A), glyceraldehyde-3-phosphate dehydrogenase (B) in high (n = 6), intermediate (n = 6) and low (n = 6) drip loss grouped chicken muscles, and relative intensities of HSP60 (C). Error bars are standard error of the mean. Different letters indicate significant difference at p\<0.05.](ajas-30-1-94f3){#f3-ajas-30-1-94}

###### 

Meat quality of chicken muscles in high, low and intermediate drip loss groups

  ---------------------------------------------------------------------------
  Items              High drip\         Low drip\          Intermediate\
                     n = 6              n = 6              n = 6
  ------------------ ------------------ ------------------ ------------------
  Drip loss (%)      10.04±0.48^a^      4.75±0.38^c^       7.21±0.23^b^

  pH                 5.81±0.04^a^       5.82±0.16^a^       5.74±0.10^a^

  Cooking loss (%)   8.98±1.02^a^       8.74±0.69^a^       8.40±1.48^a^

  L\*                46.13±0.51^a^      45.26±1.47^a^      46.75±1.47^a^

  a\*                5.62±0.31^a^       5.97±0.96^a^       5.86±0.57^a^

  b\*                5.19±16.59^a^      5.12±0.82^a^       6.24±1.43^a^

  Shear force (g)    1,582.78±1.08^a^   1,581.25±1.26^a^   1,550.75±0.76^a^
  ---------------------------------------------------------------------------

In row, values (mean±SEM) with different superscript differ significantly (p\<0.05).

###### 

Correlation coefficients (r) and probabilities (p) of significance between HSP90, HSP70, HSP60, and drip loss

              HSP90   HSP70    HSP60                                                Drip loss
  ----------- ------- -------- ---------------------------------------------------- -------------------------------------------------------
  HSP90       1       −0.112   0.631[\*](#tfn3-ajas-30-1-94){ref-type="table-fn"}   −0.702[\*](#tfn3-ajas-30-1-94){ref-type="table-fn"}
  HSP70       \-      1        −0.211                                               0.507
  HSP60       \-      \-       1                                                    −0.828[\*\*](#tfn4-ajas-30-1-94){ref-type="table-fn"}
  Drip loss   \-      \-       \-                                                   1

HSP, heat shock protein.

p\<0.05,

p\<0.01.
